Fifteen sourdoughs produced in western Sicily (southern Italy) were analysed by classical methods for their chemico-physical characteristics and the levels of lactic acid bacteria (LAB). pH and total titratable acidity (TTA) were mostly in the range commonly reported for similar products produced in Italy, but the fermentation quotient (FQ) of the majority of samples was above 4.0, due to the low concentration of acetic acid estimated by high performance liquid chromatography (HPLC). Specific counts of LAB showed levels higher than 10 8 CFU g À1 for many samples. The colonies representing various morphologies were isolated and, after the differentiation based on phenotypic characteristics, divided into 10 groups. The most numerous group was composed of facultative heterofermentative isolates, indicating a relevance of this bacterial group during fermentation. The genetic analysis by randomly amplified polymorphic DNA (RAPD)-PCR, 16S rRNA gene sequencing and species-specific PCRs identified 33 strains as Lactobacillus plantarum, Lactobacillus curvatus and Lactobacillus graminis. Due to the consistent presence of L. plantarum, it was concluded that this species codominates with obligate heterofermentative LAB in sourdough production in this geographical area. In order to evaluate the performances at the basis of their fitness, the 29 L. plantarum strains were investigated for several technological traits. Twelve cultures showed good acidifying abilities in vitro and L. plantarum PON100148 produced the highest concentrations of organic acids. Eleven strains were positive for extracellular protease activity. Bacteriocinlike inhibitory substances (BLIS) production and antifungal activity was scored positive for several strains, included L. plantarum PON100148 which was selected as starter for experimental sourdough production. The characteristics of the sourdoughs and the resulting breads indicated that the best productions were obtained in presence of L. plantarum PON100148.
Introduction
Fermented cereals have been important for humans since ancient times (Spicher, 1999; De Vuyst and Neysens, 2005) . Sourdough breads were part of the European diet 5000 years ago (W€ ahren, 1985) . The technology based on sourdough is still applied to produce several kind of breads and other baked goods, both at artisanal and industrial level, throughout the world . Sourdough bread production is typical for the European countries, the San Francisco bay and southern America (De Vuyst and Neysen, 2005) , but it became common even for the southern-eastern Asian countries (Luangsakul et al., 2009; Zhang et al., 2011) that have not been traditional bread consumers.
Basically, sourdough is made of a mixture of cereal flour and water in which a heterogeneous population of mainly lactic acid bacteria (LAB) and yeasts is metabolically active, either by spontaneous fermentation or by fermentation initiated through the addition of a sourdough starter culture, whether or not involving backslopping . Unlike other fermented foods, where LAB responsible for the transformation of raw materials into final products belong to the obligate homofermentative (OHo) and/ or facultative heterofermentative (FHe) species, typical sourdough LAB mainly belong to the genus Lactobacillus and include obligately and facultatively heterofermentative and OHo species (Hammes and Vogel, 1995) . However, obligately heterofermentative (OHe) lactobacilli, such as Lactobacillus sanfranciscensis, are reported as the most important LAB (Gobbetti and Corsetti, 1997) , especially in type I sourdough obtained through continuous daily refreshments at 30 C (B€ ocker et al., 1995) .
In general, besides L. sanfranciscensis, the dominating LAB species in traditional sourdoughs are Lactobacillus brevis and Lactobacillus plantarum Iacumin et al., 2009; Robert et al., 2009; Scheirlinck et al., 2009) . Gobbetti (1998) reported on the L. sanfranciscensis/L. plantarum association in Italian wheat sourdough, and Scheirlinck et al. (2008 Scheirlinck et al. ( , 2009 found that the species L. paralimentarius, L. plantarum, L. sanfranciscensis, Lactobacillus pontis and Lactobacillus spicheri were dominant in type I sourdoughs produced in a Belgian bakery. Recently, L. plantarum has been detected at high cell densities, even higher than those of the OHe LAB species, also in Asian sourdoughs (Luangsakul et al., 2009; Zhang et al., 2011) , highlighting the relevance of this species to produce sourdoughs throughout the world.
As being characterized by a FHe metabolism, L. plantarum ferment hexose carbohydrates to lactic acid through glycolysis because of the presence of a constitutive fructose-1,6-diphosphate aldolase (key enzyme of glycolysis), while ferment pentoses to lactic and acetic acid through the inducible 6-phosphogluconate/ phosphoketolase pathway (Axelsson, 1998) . Hence, the dominance of L. plantarum does not ensure the same acetic acid production due to the species for which the enzyme phosphoketolase is constitutive.
L. plantarum in sourdough production is not only important for the generation of acids, but also for several other positive effects expressed during fermentation. L. plantarum has been reported as inhibitor of rope-producing B. subtilis (Pepe et al., 2003; Menteş et al., 2007) . It is able to produce bacteriocins, namely plantaricin (Todorov et al., 1999) , and antifungal compounds (Lavermicocca et al., 2000; Magnusson et al., 2003; Ryan et al., 2008) .
The growing interest towards gluten-free products intensified the studies on the application of LAB to improve the quality of products for people affected by the celiac sprue. At this proposal, L. plantarum and L. sanfranciscensis strains showed that the corresponding gluten-free sourdoughs became significantly softer during 24 h of fermentation compared to the chemically acidified control (Moore et al., 2007) . Furthermore, L. plantarum was found to reduce the antinutritional factors of cereals and might contribute to the conversion of toxic compounds responsible for the celiac sprue (Settanni and Moschetti, 2010) .
In this study, the presence and the role of L. plantarum in Sicilian sourdoughs was investigated through an integrated microbiological/technological approach.
Materials and methods

Sample collection
Fifteen sourdough samples (Table 1) were collected from bakeries located within three bordering provinces (Agrigento, Palermo and Trapani) of western Sicily (southern Italy). Sourdoughs were sampled before refreshment, transferred into sterile Stomacher bags and placed into a portable fridge. Sample collection occurred twice from each bakery at an interval of 15 days. The samples were kept refrigerated until analyses were performed.
Chemical analyses
Sourdough pH was determined electrometrically using the pH meter BASIC 20þ (Crison Instrument S.A., Barcelona, Spain).
Total titratable acidity (TTA) was determined by titration with 0.1 N NaOH (expressed in terms of mL of NaOH) on 5 g of each sample.
Lactic and acetic acid concentration were determined on 10 g of sourdough homogenised with 90 mL distilled H 2 O with a Sorvall Omni-Mixer (Dupont Instruments, Newtown, CT). Ten millilitres were added with 5 mL of 1 mmol L À1 HClO 4 solution. The mixtures were centrifuged at 4.000 Â g for 15 min at 15 C and the supernatants were acidified to pH 3.0 ± 0.1 with 1 mmol L À1 HClO 4 and brought to the final volume of 25 mL with distilled H 2 O. The solutions were left in ice for 30 min and filtered through 0.45 mm cellulose filters (Millipore). HPLC analyses were conducted as reported by Alfonzo et al. (2013) . PerkinElmer software specific to the HPLC instrument (TotalChrom Workstation 2008 rev. 6.3.2) was used to acquire and process data. Analyses were carried out in triplicate and the results expressed as means ± standard deviation.
Microbiological analyses
Each sample (15 g) was suspended in Ringer's solution (135 mL) (SigmaeAldrich, Milan, Italy), homogenised in a stomacher (Kline and Sugihara, 1971) , spread plated and incubated aerobically at 30 C for 48 h, for sourdough LAB; on Wallerstein laboratory (WL) nutrient agar, spread plated and incubated aerobically at 28 C for 72 h, for total yeasts. To avoid fungal growth, cycloheximide (10 mg mL À1 ) was added to MRS, M17 and SDB. All media and chemical components were purchased from Oxoid (Milan, Italy). Plates counts were performed in triplicate.
LAB isolation and phenotypic grouping
The different presumptive LAB were collected (at least 4 colonies characterized by the same colour, morphology, edge, surface and elevation) from the highest plated dilution following their growth on MRS, M17 and SDB. After Gram determination (Gregersen KOH method) and catalase test (determined by transferring fresh colonies from an agar medium to a glass slide and adding 5% H 2 O 2 ), the Gram-positive cultures incapable of converting H 2 O 2 to H 2 O and O 2 were transferred into the corresponding broth media. The isolates were then purified with successive sub-culturing and stored at À80 C in broth containing 20% (v/v) glycerol.
The presumptive LAB were initially subjected to a phenotypic grouping based on cell morphology type, determined by an optical microscope, growth at 15 and 45 C and metabolism type, testing the ability to produce CO 2 from glucose. The final assay was carried out with the same growth media used for isolation, without citrate because its fermentation by certain LAB can result in gas formation. Furthermore, M17 contained glucose in place of lactose, and SDB was prepared with glucose instead of maltose. Cells of pure cultures, grown overnight in the corresponding optimal media, were centrifuged at 5000 Â g for 5 min, washed twice in physiological solution (NaCl 0.85%, w/v) and re-suspended in the same solution till reaching an optical density at 600 nm (OD 600 ), measured with a 6400 Spectrophotometer (Jenway Ltd., Felsted, Dunmow, UK), of ca. 1.00 which approximately corresponds to a concentration of 10 9 CFU mL À1 as evaluated by plate count. LAB were inoculated (1%, v/v) into test tubes, sealed with H 2 O agar (2%, w/v) and, after incubation for 48 h, the test was scored positive for CO 2 production (OHe metabolism) if a rising of the agar cap was detected. LAB strains that scored negative in the assay were inoculated into test tubes containing the optimal growth media prepared with a mixture of pentose carbohydrates (xylose, arabinose, and ribose; 8 g L À1 each) in place of glucose. Strains that grew in this media were defined as having a FHe metabolism, and strains that were unable to grow were defined as having an OHo metabolism. For coccus isolates, sub-grouping also included the examination of growth at pH 9.6 and in the presence of 6.5% (w/v) NaCl.
Genetic typing and identification of FHe LAB
All FHe isolates were genetically characterized. Genomic DNA for PCR assays was prepared from LAB cultures after their overnight growth in broth media at 30 C. Cells were harvested, subjected to DNA extraction using the InstaGene Matrix kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer's protocol, and the crude cell extracts were used as templates for PCR.
Strain differentiation was performed with random amplification of polymorphic DNA (RAPD)-PCR analysis in a 25 mL reaction mix using the single primers M13, AB111, and AB106 as previously described by Settanni et al. (2012 Genotypic characterisation of the different strains of FHe LAB was carried with 16S rRNA gene sequencing. Some isolates representative for the phenotypic groups of OHe LAB, including at least 1 isolate per sourdough, were also identified at species level. PCR reactions were performed as described by Weisburg et al. (1991) . PCR products were visualised and amplicons of approximately 1600 bp were purified with a GFX PCR DNA and gel band purification kit (GE Healthcare, Buckinghamshire, UK). DNA fragments were sequenced by the Big Dye Terminator v.3.1 Cycle Sequencing Kit (Life Technologies, Monza, Italy) and the resulting products were purified by Illustra Autoseq G-50 Dye terminator Removal kit (GE Healthcare) and analysed by ABI3130 Genetic Analyzer (Life Technologies). The sequences were compared with those available in the GenBank/EMBL/DDBJ (http://www.ncbi.nlm.nih.gov) (Altschul et al., 1997) and EzTaxon-e (http://eztaxon-e.ezbiocloud. net/) (Chun et al., 2007) databases. The last database compares a given sequence to those of type strains only. All strains belonging to the L. plantarum group were subjected to the recA gene based multiplex PCR described by Torriani et al. (2001) to distinguish unequivocally among L. plantarum, Lactobacillus paraplantarum and Lactobacillus pentosus. The strains of Lactobacillus curvatus were confirmed by the species-specific PCR assay of Berthier and Ehrlich (1998) . L. brevis, L. sanfranciscensis and Lactobacillus rossiae were verified by the multiplex PCR strategy reported by Settanni et al. (2005a) . Weissella cibaria and Weissella confusa were discriminated with a species-specific PCR as reported by Fusco et al. (2011) .
2.6. Evaluation of the technological aptitudes of FHe LAB 2.6.1. Acidification capacity
The kinetics of acidification of LAB were evaluated in vitro using a sterile flour extract (SFE) broth prepared as described by Alfonzo et al. (2013) . Overnight LAB cultures were harvested by centrifugation at 5000 Â g for 5 min, washed with Ringer's solution, and, to standardise bacterial inocula, resuspended in the same solution to an OD 600 of 1.00. LAB were individually inoculated (1%, v/v) in 20 mL of SFE and the test tubes incubated for 24 h at 30 C. pH was measured at 2 h intervals for the first 8 h of incubation, and then at 24, 48, and 72 h after inoculation.
Proteolytic activity
The extracellular protease activity of LAB was determined on agar plates, with the method described by Vermelho et al. (1996) . Bovine serum albumin (BSA) and gelatine (SigmaeAldrich) were used as protease substrates, incorporated into each medium at 1% (w/v).
Antimicrobial activity
Lactobacillus sakei LMG2313, Listeria innocua 4202, and Listeria monocytogenes ATCC 19114, that are reported as strains highly sensitive to bacteriocins (Corsetti et al., 2008; Hartnett et al., 2002) , were used as indicators for the determination of the antibacterial activity of sourdough LAB. Inhibitory activity was first evaluated with the agar-spot deferred method, and strains displaying antimicrobial properties were further subjected to the well diffusion assay (WDA) (Schillinger and Lücke, 1989) , with the method modifications described by Corsetti et al. (2008) . All tests were carried out in triplicate. Active supernatants were treated with proteinase K (12.5 U mg À1 ), protease B (45 U mg À1 ), and trypsin (10.6 U mg À1 ), each diluted to 1 mg mL À1 in phosphate buffer (pH 7.0), for 2 h at 37 C, following which any remaining activity was quantified with the WDA (Settanni et al., 2005b) . Enzymes were purchased from SigmaeAldrich. The antifungal activity of LAB was evaluated against Alternaria alternata Ra56, Aspergillus carbonarius Sc13, Aspergillus ochraceus Ra49, Cladosporium cladosporioides Sc71, Penicillium roquefortii R1 and Penicillium verrucosum Sc29 using the method described by Villani et al. (1993) , with the modifications reported by Alfonzo et al. (2012) .
Production of experimental sourdoughs
Among LAB, one strain showing the best technological performances and one strain characterized by the worst aptitudes in bread making were selected to be used in sourdough production, alone or in combination with L. sanfranciscensis LMG 17498 T . Cells were centrifuged and washed as described above and re-suspended in Ringer's solution. The inocula were added to a final concentration of approximately 10 6 CFU g À1 in doughs. Each dough of 200 g was produced following the protocol reported by Settanni et al. (2013) with a dough yield (weight of the dough/weight of the flour Â 100) of 160 adding 75 mL of tap H 2 O, containing the cell suspension, to 125 g of commercial durum wheat flour (Molino Gaspare Salvia, Partinico, Italy). A dough without LAB inocula was used as control. An additional control dough (CY) was produced with 1% (w/w) of fresh baker's yeast (La Parisienne, AB Mauri Italy S.p.A., Casteggio, Italy) composed of Saccharomyces cerevisiae cells. Each dough was divided in two portions: one portion of 80 g was placed in a stainless steel circular baking pan (10 cm diameter) covered with aluminium foil to be baked after fermentation performed at 30 C for 8 h for all doughs, except CY fermented at 25 C for 2 h; the other portion of 120 g was placed in a sterile plastic beaker covered with parafilm and incubated at 30 C for 21 h.
Sourdough productions were carried out in duplicate over two consecutive weeks.
Analysis of experimental sourdoughs
Sourdough fermentation was followed by pH, TTA, lactic and acetic acid production, microbiological analyses conducted as reported above. In addition, volatile organic compound (VOC) generation was also estimated for experimental sourdoughs.
Determinations of pH and TTA were carried out just after dough preparation (T 0 ), at 2 h intervals for the first 8 h and then again after 21 h. Microbial counts were performed at T 0 , at 8 and 21 h of fermentation on MRS and SDB. Colonies from the highest dilution of sample suspensions were isolated, microscopically inspected and analysed by RAPD analysis to confirm the presence of the LAB added as starter cultures.
The concentrations of organic acids and VOC were estimated at T 0 and after 8 h from production. VOCs within the experimental sourdoughs were identified using the solid phase micro extraction (SPME) isolation technique applying the conditions reported by Settanni et al. (2013) with the following modifications: 5 g of each sourdough were heated to 60 C, during which the headspace was collected with DBV-Carboxen-PDMS fibres (Supelco, Bellefonte, PA) for 40 min. The SPME fibre was directly inserted into a Finnegan Trace MS for GC/MS (Agilent 6890 Series GC system, Agilent 5973 Net Work Mass Selective Detector; Milan, Italy) equipped with a DB-WAX capillary column (Agilent Technologies; 30 m, 0.250 mm i.d., film thickness 0.25 mm, part no 122-7032). Individual peaks were identified by comparing their retention indices to those of control samples and by comparing their mass spectra with those within the NIST/EPA/NIH Mass Spectral Library database (Version 2.0d, build 2005). VOCs were expressed as relative peak areas (peak area of each compound/total area) Â l00. All solvents and reagents were purchased from WWR International (Milan, Italy). Chemical and physical tests were performed in triplicate, with the results expressed as mean ± standard deviation.
Analyses of experimental breads
Sourdoughs were baked in the industrial convection oven Modular 80012 DH (Tornati Forno S.r.l., Montelabbate, Italy), at 218 C for 20 min. Bread weight and the other attributes were evaluated after cooling at ambient temperature. The height of the breads was evaluated after cutting each sample transversely in two halves and measuring the central slice (Schober et al., 2005) . Colour was determined on three points of the crumb of the central slices and five points of the crust by means of a colorimeter (Chroma Meter CR-400C, Minolta, Osaka, Japan) measuring L*, a* and b* parameters of the Hunter's scale.
The hardness of crumb was determined as reported by Corsetti et al. (2000) by means of the Instron-5564 (Instrom Corp., Canton, MA).
The image analysis of the breads was conducted on the two central slices of each sample. The slices were scanned (Epson HP-4535, Seiko Epson Corp., Japan) with 350 dpi of resolution and the images were saved in TIFF format. Each image, analysed with the ImageJ software (National Institutes Health, Bethesda, Md, USA), was cropped to a square of 207 Â 207 pixels (representing 15 Â 15 mm of the slice area) and converted to grey-level image (8 bit). The Otsu's threshold algorithm was applied to obtain a binary image to calculate void fraction (the fraction of the total area corresponding to the bread pores), cell density (number of cells/cm 2 ) and mean cell area in mm 2 .
Statistical analyses
Data of acidification, TTA, microbial load and organic acid concentration of sourdoughs and height, colour, firmness, void fraction, cell density and mean cell area of the resulting breads were statistically analysed using the ANOVA procedure with the software STATISTICA, version 10 StatSoft Inc., Tulsa, OK, USA). The post-hoc Tukey method was applied for pairwise comparison. Significance level was P < 0.05.
Results
Sourdough characteristics
The main chemical and microbiological characteristics of the sourdoughs collected in western Sicily are reported in Table 2 . pH ranged between 3.81 and 4.77, with a majority of samples showing values below 4.50. TTA values increased inversely with pH. The HPLC analyses revealed different concentrations of lactic and acetic acid among sourdough samples, with sample F36 showing the highest concentration of lactic acid. However, the concentration of acetic acid in sample F36 was quite low and, as a consequence, it was characterized by almost the highest value of FQ. Acetic acid did not exceed 1.36 mg g À1 and FQ was in the range 0.90e6.80. Nine samples displayed a FQ above 4.00, indicating a low concentration of acetic acid with respect to lactic acid. The highest counts were reported on SDB for 10 samples and on MRS for five samples, while only the sample F27 showed the highest cell density on M17. The levels of sourdough LAB estimated on SDB were above 10 7 CFU g À1 for almost all samples except F54 that showed concentrations of about 10 4 e10 5 CFU g À1 and for
which also the levels of LAB on MRS and M17 were in the same order of magnitude. Yeast loads were in the range 2.9e6.8 Log CFU g
À1
. Yeast/LAB ratios ranged between 1:10 and 1:10,000; however, for many samples, it was almost 1:100.
Isolation, grouping and identification of LAB
Two-hundred and seven colonies were collected from the 15 sourdoughs. The colonies were subjected to microscopic inspection, and separated into 53 cocci and 154 rods.
Based on the growth at 15 C and 45 C and the ability to produce CO 2 from glucose, tested for all bacteria, and for growth at pH 9.6 and in the presence of 6.5% (w/v) NaCl, tested only for cocci, the LAB cultures were separated into 10 groups (Table S1 ). The highest number of isolates was included in Group III, that was characterized by a FHe metabolism. Within rod shaped LAB, three groups (I, II and IV) resulted OHe while group V included thermophilic OHo cultures. LAB cocci were mostly OHo, and only 12 isolates (Groups VI and VII) showed an OHe metabolism.
In order to classify mesophilic and FHe LAB, the 112 isolates of Group III were subjected to RAPD analysis. The unique patterns were used to construct a dendrogram (Fig. S1 ) revealing the presence of 33 strains which were identified by 16S rRNA gene sequencing. A BLAST search revealed that the sequences had an identity of at least 97% with those available within the NCBI database. The species within the L. plantarum group and the strains of L. curvatus were also analysed with species-specific PCR strategies. All strains were confirmed to be members of the LAB group (Table 3) . The species encompassing the most FHe LAB was L. plantarum with 29 strains.
To better evaluate the codominance between FHe and OHe LAB, rod isolates representative for the phenotypic groups I, II and IV were also genetically identified by 16S rRNA gene sequence analysis and species-specific and multiplex PCRs. At the same levels of L. plantarum, L. curvatus and Lactobacillus graminis, it was found the presence of the species L. brevis (8 isolates, Acc. No KM822618eKM822625), L. sanfranciscensis (3 isolates, Acc. No KM822615eKM822617), L. rossiae (2 isolates, Acc. No KM822613eKM822614) and W. cibaria (6 isolates, Acc. No KM668160eKM668165).
Technological traits of FHe LAB
The kinetics of acidification of the 33 FHe strains of LAB evaluated in SFE for 72 h are reported in Fig. 1 . Fourteen strains, including 12 L. plantarum, L. curvatus PON100490 and L. graminis PON100244 determined the decrease of the SFE pH below 4.7 after 8 h. At 24 h, L. plantarum PON1004 and PON100148 reached the lowest values. All pHs were registered below 3.65 after 72 h of fermentation.
The production of lactic and acetic acid by the 14 strains that dropped the pH of SFE quickly was evaluated after 8 h of fermentation. The results (Table 4) showed that lactic acid was produced in the range of 0.31e0.81 mg g À1 , while acetic acid was found from 0.10 to 0.17 mg g
À1
. The highest production of organic acids was registered for L. plantarum PON100148 for which the FQ was 3.14.
The 33 strains were also tested for their extracellular protease activity (Table 5 ). Thirteen strains were positive for the hydrolysis of BSA and 14 for that of gelatine. Interestingly, 12 of these strains (11 L. plantarum and 1 L. curvatus) showed the protease activity with both substrates.
The antimicrobial activity of the 33 FHe LAB was evaluated against bacteria and moulds (Table 5 ). Except L. plantarum PON100282 and PON100498 and L. curvatus PON100250, all other strains produced active substances. In general, the antibacterial activity was mostly registered against L. sakei 2313, both in terms of positive strains and width of the inhibition zone. All excreted antibacterial compounds were hydrolysed by proteolytic enzymes (data not shown), thus showing a general characteristic of bacteriocins (Jack et al., 1995) . However, because the amino acid and nucleotide sequences of these substances have not yet been characterised, they shall be referred to as bacteriocin-like inhibitory substances (BLIS) (Corsetti et al., 2008) . The anti-mould activity was less pronounced, but 11 L. plantarum showed inhibitory power.
Evolution of microbiological parameters during experimental sourdough fermentation
Based on the technological screening, L. plantarum PON100148 was selected to act as starter for experimental sourdough production. On the contrary, L. plantarum PON100282 characterised by negligible technological performances was used for comparison. The comparison of the plate count results with the control (noninoculated) dough confirmed the dominance of the added cultures (Table 6 ). The results on MRS showed a development of L. plantarum PON100148 more rapid than L. plantarum PON100282, with a cell number of about 1 Log CFU g À1 both at 8 and 21 h. The dual combinations with L. sanfranciscensis LMG 17498 T showed that the OHe strain developed more rapidly than L. plantarum PON100282, but slower than L. plantarum PON100148.
Evolution of chemical parameters during experimental sourdough fermentation
The pH values registered for the experimental sourdoughs are reported in Table 6 . L. plantarum PON100148 alone reached the same final pH of that showed in combination with L. sanfranciscensis LMG 17498 T . The pH levels registered in presence of L. plantarum PON100282 alone and together with L. sanfranciscensis LMG 17498 T were higher than those found for the corresponding trials carried out with L. plantarum PON100148, even though the acidifying activity of L. sanfranciscensis LMG 17498 T decreased strongly the pH of the dough started with L. plantarum PON100282. TTA data (Table 6 ) confirmed the trend showed by pH. The concentrations of the organic acids and the resulting FQ of the experimental sourdoughs are reported in Table 7 . Although control dough and CY did not contain detectable levels of lactic and acetic acids at T 0 , both acids were found after 8 h of fermentation; however, their concentrations were lower than those registered for the doughs inoculated with LAB. The highest levels of acids were registered in presence of L. plantarum PON100148, alone and in combination with L. sanfranciscensis LMG 17498 T . The presence of the last bacterium did not greatly modify the concentrations of the single acids as well as the FQ of the doughs inoculated with LAB.
The chromatographic analysis of the headspace of experimental sourdoughs revealed the presence of 31 compounds (Table 8) . VOC fraction was composed of 4 acids, 9 alcohols, 4 aldehydes, 9 esters, 1 hydrocarbon, 3 ketones and phenol. In control dough at T 0 and after 8 h of fermentation a lower number of chemicals was detected (10 and 15, respectively). Furthermore, their relative abundances was sensibly lower than those displayed by both L. plantarum strains with or without the presence of L. sanfranciscensis LMG 17498 T . Unlike the other doughs, CY was characterized by seven additional compounds: 1 aldehyde (2-decanal) and 6 esters (ethyl octanoate, g-butyrolactone, ethyldecanoate, ethylbenzoate, ethyl salicylate and ethyldodecanoate). The major contribution of L. sanfranciscensis LMG 17498 T was registered for acetic and hexanoic acid.
Characterization of breads
After baking, different determinations were performed on the experimental breads (Table 9 ). In presence of LAB and baker's yeast the height of breads reached higher value than control bread, with the highest value found for the combination L. plantarum PON100148/L. sanfranciscensis LMG 17498 others. Regarding the colour of the crumb, small differences were recorded among breads except for the parameter b * .
The firmness was strongly influenced by the LAB used. The lowest value was obtained in the sourdough inoculated with L. plantarum PON100148, followed by L. plantarum PON100282. The presence of L. sanfranciscensis LMG 17498 T determined higher values for firmness, that remained below the value displayed by the control bread. The image analysis was performed to determine the qualitative characteristics of the crumb. The void fraction was not found to be statistically different in presence of the added LAB, but all breads obtained with the sourdoughs started with LAB differed from the control as well as CY bread. Contrarily to the mean cell area, the cell density was influenced by the LAB added.
Discussion
The role and the importance of OHe LAB in sourdough is well known (Gobbetti, 1998; De Vuyst et al., 2014; Minervini et al., 2014) . The main species of this group are lactobacilli, weissellas and leuconostocs (Settanni and Moschetti, 2011) , but the species considered to play a key role and to represent a stable element for the sourdoughs produced with the traditional processes is L. sanfranciscensis (Vogel et al., 2011) . However, in the last few years, besides L. sanfranciscensis, another OHe Lactobacillus species, 
Table 4
Organic acids produced by FHe LAB strains in sterile flour extract fermented for 8 h.
Strains
Lactic acid (mg g Results indicate mean values ± SD of four measurements (carried out in duplicate for two independent fermentations). Data within a column followed by the same letter are not significantly different according to Tukey's test. n.d., not determined. a P value: ***, P 0.001; *, P 0.05.
namely L. rossiae, is being frequently isolated at high numbers from sourdoughs produced in Italy (Valmorri et al., 2006; Di Cagno et al., 2007) and it has been also detected in Belgian sourdoughs (Scheirlinck et al., 2007 (Scheirlinck et al., , 2008 . The majority of LAB screened and selected to act as starters in sourdough production belong to OHe species (Minervini et al., 2012; Settanni et al., 2013) . In general, FHe LAB are reported to be found at lower cell densities than the OHe species (Minervini et al., 2012) . Despite this 
Abbreviations: BSA, bovine serum albumin; A., Alternaria; C., Cladosporium; Ls., Listeria; L., Lactobacillus. þ, positive for protease production; À, negative for protease production or, in case of antibacterial tests, no inhibition found; þ/À, little inhibition. a The test was repeated twice. b Width of the inhibition zone (mm). Results indicate mean ± S.D. of three independent experiments. common trend, several FHe LAB, together with OHe LAB, are often isolated at dominant levels in sourdough, demonstrating an important role of these species during sourdough production. Among sourdough FHe species, L. plantarum is particularly encountered in sourdough ecosystems. Gobbetti (1998) reported on the strict association between L. sanfranciscensis and L. plantarum in Italian wheat sourdoughs and Minervini (2010) demonstrated the robustness of this species under daily backslopping propagation using wheat flour. In this work, the LAB populations of 15 sourdoughs produced at industrial and artisanal level in Sicily have been investigated and the FHe species genetically characterized and evaluated in vitro and in vivo for their technological performances. The general characteristics of the sourdoughs collected in western Sicily were determined by the measure of pH, TTA and the chromatographic analyses of lactic and acetic acid. The majority of samples showed an acidity level typical for sourdoughs produced in Italy (Minervini et al., 2012) . However, the concentrations of lactic and acetic acid revealed that the FQ of only seven sourdoughs was in the range 1.5e4, considered to affect positively the aroma profile Results indicate mean values of three measurements and are expressed as relative peak areas (peak area of each compound/total area) Â l00. Data within a line followed by the same letter are not significantly different according to Tukey's test (P value: ***, P 0.01; NS, not significant and the structure of the final products (Spicher, 1983) . In particular, nine samples displayed very low levels of acetic acid. Thus, the high values of FQ for these sourdoughs are due to high productions of lactic acid and low generation of acetic acid. This observation could be due to high cell densities of OHo and FHe LAB species, which produce only lactic acid as main fermentation product in presence of hexose sugars (Axelsson, 1998) . Following the conventional approach applied to sourdough, the 15 samples were analysed for culturable LAB using MRS and M17 that are the media generally used for the plate counts of rod and coccus LAB, respectively, and SDB which is considered specific for sourdough LAB (Kline and Sugihara, 1971) . Except one sourdough (F54), the other Sicilian samples harboured LAB at consistent levels, until 10 9 CFU g À1 in some cases. The levels of LAB estimated on SDB were above 10 8 CFU g À1 for the majority of samples indicating the dominance of this group of bacteria. The levels of LAB detected in this study were reported for other sourdough samples produced in Sicily (Minervini et al., 2012) . Yeasts were also counted and, for many sourdoughs, yeast/LAB ratio was almost 1:100 which is in agreement with those reported in literature for type I sourdoughs (Gobbetti et al., 1994; Ottogalli et al., 1996; Valmorri et al., 2006) . Although a certain biodiversity of these LAB was found at strain level, only three species were identified. Twenty-nine FHe were L. plantarum which is an ubiquitous food related species reported to be typical also for sourdough environments , followed by L. curvatus and L. graminis which are associated to unprocessed raw materials used in bread making . A consistent presence of FHe species has been also reported for sourdoughs produced in eastern Sicily (Randazzo et al., 2005) . In order to better evaluate the codominance between FHe and OHe LAB in Sicilian sourdoughs, the representative OHe isolates from each sample, not characterized at strain level, were also identified. At this proposal, only the rod-shaped isolated were processed, because they are reported to reach the highest levels in mature sourdoughs . L. brevis, L. rossiae, L. sanfranciscensis and W. cibaria were at the same levels of the FHe LAB. All these species are commonly associated to Italian sourdoughs (Minervini et al., 2014) .
In this work, due to the high numbers of L. plantarum strains detected, they were better investigated for their technological traits that are useful for sourdough production and might explain the reasons for their codominance with OHe species.
L. plantarum might be competitive towards other wheat flour autochthonous species and the strains harbouring interesting metabolic traits could supersede other biotypes of the same species (Minervini et al., 2010) . A similar behaviour for this species has been also reported during production of type II sourdoughs (Ravyts and De Vuyst, 2011) which are produced with rye flour and fermented at higher temperatures than those applied for traditional Italian sourdoughs. Bakery environment and flour may provide LAB that are found in sourdough (Scheirlink et al., 2009; Alfonzo et al., 2013) . Alfonzo et al. (2013) reported that a consistent percentage of LAB present in several flour samples used for bread making in Sicily are L. plantarum. Several factors could have determined the robustness of L. plantarum strains in the Sicilian sourdoughs analysed in this study: competition for nutrients, fermentation of hexose and pentose carbohydrates, adaptation to environmental stresses, rapid acidification, synthesis of diacetyl and hydrogen peroxide, and production of bacteriocins (Gobbetti et al., 2005) .
Twelve L. plantarum strains showed good acidifying abilities in vitro because they decreased rapidly the pH of SFE. The broths were subjected to the HPLC analysis to examine the concentrations of lactic and acetic acid. The highest production of organic acids was registered for L. plantarum PON100148 for which the FQ was 3.14. The extracellular protease activity, important for the rheology Table 9 Characteristics of experimental breads. 
